The effect of austenitizing temperature on the microstructure and mechanical properties of Nb-Ti microalloyed steel was investigated. Steels were subjected to different austenitizing treatments (temperatures ranging from 850 °C to 1250 °C for 5-120 min) and rolled after being austenitized at different temperatures (i.e. 1020 °C, 1070 °C and 1150 °C). The results showed that austenite grain coarsening temperature was around 1000 °C. The mean grain size of the rolled steels initially increased and then decreased, but the ferrite content decreased with increasing austenitizing temperature. The precipitates in the prior austenite and rolled steel were both complex Nb-Ti carbonitrides. As the austenitizing temperature increased from 1020 °C to 1150 °C, most precipitates were dissolved and re-precipitated as dispersive particles with mean size decreasing from 30 nm to 10 nm. Meanwhile, the 80 nm to 100 nm rectangular Ti-rich carbonitrides were not dissolved and varied during the subsequent cooling process.The Yield strength and ultimate tensile strength increased but the elongation and reduction in area (in percent) decreased with the elevated austenitizing temperature.
Introduction
The addition of microalloying element including Nb, V and Ti play significant roles in improving the properties of steels [1] , [2] , [3] . Nb and Ti have a strong tendency to precipitate in the form of carbides or nitrides in austenite which can lower the grain growth rate by pinning the grain boundaries [4] , [5] . The obtained fine grain microstructure can influence the mechanical properties of steels [6] , [7] .
Much research has been undertaken to investigate the reheating temperature, deformation temperature, amount of reduction, cooling rate and strain rate in the microstructural evolution (including precipitation and austenite recrystallization) and mechanical properties of Nb-Ti microalloyed steel [3] , [4] , [8] , [9] , [10] . Austenitizing temperature has significant influence on microstructure evolution and mechanical properties. When steels are austenized at different temperatures, the carbides and nitrides are dissolved, causing redistribution of carbon and consequently influencing phase transformation in the subsequent deformation process (e.g.the grain growth and transformation from austenite to pearlite, ferrite, bainite, and so on in the cooling process as well as precipitation of secondary carbides. All these microstructure evolution affect the mechanical properties of the steel products.
Several studies have been performed on the effect of austenitizing temperature on the structure and mechanical properties of steels containing Nb or Ti [11] , [12] , [13] , [14] , [15] , especially on grain refinement [16] , [17] . However, early efforts mainly focused on the effect of microalloying with Nb or Ti, grain growth behavior of coarse-grained austenite or strips manufactured through the compact strip production (CSP) process, which has a low deformation ratio. The effect of austenitizing temperature on microstructure evolution including precipitation and phase transformation before and after rolling in steels microalloyed with both Nb and Ti has not been carefully studied. Thus, this study investigates the effects of austenitizing temperature on the microstructure evolution and mechanical properties of Nb-Ti microalloyed steel.
In the present work, steel samples were prepared by vacuum induction melting and subjected to different austenitizing temperatures. The coarsening temperature range was determined based on prior austenite grain size changes by metallographic analysis. The steel samples were rolled to investigate the influence of austenitizing temperature on the microstructure and properties of Nb-Ti microalloyed steel.
Experimental procedures
The steel employed in this study was melted in a 200 kg vacuum induction furnace. The chemical composition is shown in Table 1 . Samples of 10×10×12 mm were cut from the steel for austenitizing treatment. These samples were austenitized at 850 °C, 900 °C, 950 °C, 1000 °C, 1050 °C, 1100 °C, 1150 °C, 1200 °C and 1250 °C for 5, 10, 15, 30, 60 and 120 min in a muffle furnace. The temperature accuracy was controlled within ±2 °C. The samples were then cooled in cold water.
Samples for metallographic observations were prepared through conventional grinding and polishing and etched with nitric acid alcohol solution. Three rolling schedules with different austenitizing temperatures were created after metallographic observation, as illustrated in Figure 1 . The vacuum induction melted specimens were forged into 80 mm × 80 mm × 400 mm ingots, reheated to 1020 °C, 1070 °C and 1150 °C, maintained for 30 min and then hot rolled Jestr with a reduction of 50 % at the temperature between 980 °C and 1000 °C. The specimens were then rolled at a temperature between 920 °C and 880 °C in six rolling phases to the obtain final thickness of 12.5 mm. The plates were aircooled to room temperature; they are hereafter referred to as 1#, 2# and 3#. To study the precipitates, extraction replicas were prepared in a four-step procedure by etching the polished surface in 3 % nital, coating the surface with a thin film of C, stripping the film in 5 % nital and cleaning in both distilled water and methanol. The precipitates were analysed through transmission electron microscopy (TEM). Chemical analysis of the precipitates was conducted through nanobeam energy dispersive spectrum (EDS) analysis. A tensile impact test was conducted with a universal materials tester at room temperature. Figure 2 shows the metallographic microstructures of prior austenite subjected to different austenitizing temperatures. The austenite grain sizes increased with increased austenitizing temperature. When the temperature increased to 1000 °C, the grain size began to coarsen. Meanwhile, the grain size was not uniform. The mean grain size was approximately 30 µm; however, the maximum grain size was almost 100 µm, and the minimum grain size was only 10 µm. When temperature increased to 1100 °C, the prior austenite coarsened with a mean grain size of 150 µm. Figure 3 shows the austenite grain sizes of the experimental steels subjected to different austenitizing temperatures for different amounts of time. The mean prior austenite grain sizes were 25µm to 30 µm when temperature increased from 850°C to 1000 °C within 5 min to 120 min. The grain sizes coarsened from 30 µm to 180 µm atthe temperature range of 1000°C to 1150 °C. The grain sizes increased slightly when the temperature exceeded 1150 °C for different time of 5 min to 120 min. This result illustrates that the coarsening temperature was approximately 1000 °C. The precipitates can be divided into two categories. Those with regular shapes (e.g. rectangular) were Ti-rich carbonitrides. Those with irregular or spherical shapes were characterized by the main composition of Nb and minimal Ti. At 950 °C, the two types of precipitates exhibited a dispersive distribution, with a size between 20 nm to 50 nm. As temperature increased to 1050 °C, the sizes increased further because the driving force increases. Meanwhile, the volume fraction of precipitates decreased because of the dissolution of carbonitrides. At 1150 °C, the remaining precipitates which with regular shapes were Ti-rich carbonitrides. Figure 5 shows the ferrite grain sizes of the three steel samples. The grain size of 1# steel (12.89 µm) was the smallest and that of 2# steel was the largest (16.38 µm). For 1# steel, the austenitizing temperature was low before rolling; hence, the austenite grain lacked sufficient driving force of growth, the ferrite grain formed in the subsequent cooling stage was small. For 2# steel, the prior austenite grain began to grow up before rolling (Figure 3) . The partial dissolved carbonitrides resulted in a reduction in the volume fraction of the carbonitrides in the subsequent rolling process. Thus, the effect of inhibition was insufficient. For 3# steel, the grain size decreased. It was austenitized at a high temperature of 1150 °C when many carbonitrides were dissolved. The re-precipitation of the dissolved carbonitrides during the subsequent cooling stage hindered the growth and re-crystallization of the ferrite grain. Thus, the grain size of 3 # steel was smaller than that of 2# steel. The grain size changes of the rolled steel samples are illustrated in detail in Section 4.2. Figure 6 shows the contents of ferrites in the rolled steels. The fractions of ferrites in the three rolled steel samples initially decreased from 83.6 % to 82.1 % and then further declined to 79.1 % as the austenitizing temperature increased from 1020 °C to 1150 °C. As illustrated in Figure  4 , the fine carbonitrides were dispersed in the prior austenites, which provided nucleation sites for the formation of ferrite. As the austenitizing temperature increased the volume fraction of precipitates decreased, resulting in a decrease in ferrite contents. Figure 7 and Table 3 shows the morphologies and chemical compositions of the secondary carbonitrides in the rolled steel samples. The 20 nm to 30 nm precipitates in 1# steel were dispersed in the steel matrix. By contrast, the sizes of most precipitates in 2# steel were smaller (approximately 20 nm). The elevated austenitizing temperature resulted in the abnormal growth of carbonitrides. Similarly, most precipitates in 3# steel were smaller, with a size of approximately 10 nm. The large rectangular precipitates with a size of 80 nm to 100 nm in 2# and 3# steel were primary Ti-rich carbonitrides that were not dissolved during the austenitizing treatment and varied slightly in the subsequent cooling stage. EDS revealed that the fine dispersive precipitates are complexs of Ni and Ti and the large precipitates mainly composed of Ti. These fine carbonitrides with 10 nm size in 3# steel were dispersed in the steel matrix and hindered the grain growth of ferrite. This is the reason the mean grain size of 3# rolled steel was smaller than that of 2# steel. Figure 8 shows the yield strength (YS) and ultimate tensile strength (UTS) of the three steel samples; YS and UTS were 325 MPa to 437 MPa and 543 MPa to 623 MPa, respectively. YS and UTS increased with increased austenitizing temperature. Figure 9 shows the elongation and reduction (%) of the area of the rolled steel samples; elongation and reduction were 24.76 % to 30.68 % and 55.16 % to 60.83 % respectively. Both the reduction and the elongation percentages decreased as the austenitizing temperature increased. This result indicates that strengths increased but toughness decreased as austenitizing temperature increased. 
Effect of austenitizing temperature on the microstructure of rolled steel

Precipitates in rolled steel
Thermodynamic precipitation of the carbides and nitrides of Nb and Ti
By assuming that the effects of other elements in steel and the distribution of elements between carbide and nitride on the solubility of NbC, NbN, TiC, Nb(C, N) and TiN can be ignored, the solution temperatures in the steels were calculated according to the solubility product proposed by the following formulas [18] .
N denote the amounts of soluble Nb, Ti, C and N in austenite, respectively, T is the absolute temperature(K). The calculated results are provided in Table 4 . Table 4 shows that TiC was completely dissolved at 924 °C; however, the dissolution temperature of TiN was as high as 1422 °C.The carbonitrides of Nb were dissolved between 1089°C and 1157 °C. Given that the content of Nb and Cwere higher than those of Ti and N, respectively, the dissolution of carbides plays a dominant role in the coarsening of prior austenite. This result explains why the prior austenite grain coarsening temperature was approximately 1000 °C (Figs. 2 to 3 ).
Grain growth in the austenization process
Grain coarsening behavior (Figure 2 ) was directly related to the nature of the precipitates present in each case. When the precipitates pinning the austenite grain boundaries began to dissolve, grain coarsening occurred. Coarsening occurred at a temperatures of approximately 1000 °C; when the dissolution of the Nb-rich carbonitrides particles was responsible for the pinning in the Nb-Ti steel (Figs. 2 to 3) . When the Nb-rich carbonitrides partially dissolved at 950 °C to 1150 °C, the sizes of the precipitates initially increased slightly. A slight but obvious decrease in volume fractions ensued (Figure 4) . The weakened pinning effect caused the mean prior austenite grain sizes to increase sharply at 1000 °C to 1150 °C (Figs. 2 to 3) . The Nb-rich carbonitrides were almost dissolved completely at 1150 °C. However, above this temperature, a large amount of Ti was still precipitated as TiN particles which hindered grain growth and maintained it within a stable level (Figure 3) .
The heterogeneity in grain size at approximately 1000 °C (Figure 2 ) was due to the heterogeneous microdistribution and partial dissolution of carbonitrides in the steel. The multiple types of carbonitrides in the steel had different melting points. TiC dissolved completely at 924 °C ( Table 2 ). The Nb-rich carbonitrides partially dissolved at 1000 °C (Table 2) . Grain grew rapidly in these regions. However, the precipitated volume fraction of TiN was relatively stable, and TiN dissolved gradually with increased temperature; this condition hindered the grain growth within these regions. Thus, a heterogeneous microstructure was formed. When the austenitizing temperature increased to 1050 °C, the prior austenite grain size coarsened obviously with a mean grain size of 100 µm. The rapid growth of grains mainly resulted from the rapid dissolution of NbC and NbN, especially NbC (near dissolution temperature), with elevated temperature. When temperature exceeded 1150 °C, most of NbC and NbN were dissolved. The dissolution of TiN remained slow and resulted in the slight increment in prior austenite grain size (Figure 3 ).
Phase transformation in the cooling process
The microstructures of the rolled steels consisted of quasipolygonal ferrite, granular bainite and a small amount of pearlite ( Figure 5) . Some of the carbonitrides were compounds. TiN with a high dissolution temperature was in the core of the compound ones and TiC, NbC and even NbN were in the outer layer [8] , [19] . When a large amount of TiC, NbC and NbN was partially or completely dissolved, the nitrides core of Ti might not have been dissolved at the time. The semi-dissolved carbides or nitrides could have provided sites for pearlite nucleation. Moreover, dispersive fine carbonitrides in the prior austenites coupled with some microalloying elements (Ti, Nb) in the steel that might have transformed into oxides in the iron-making processes provided nucleation sites for the formation of ferrite in the steel during the rolling process. Thus, a microstructure of ferrite+pearite was formed.
As the austenitizing temperature increased from 1020 °C to 1150 °C, more Nb-rich carbonitrides were dissolved in the matrix. However, the steel was not homogenized fully within this time duration. In this case, the Nb-rich carbonitrides were in a state of partial dissolution. Thus, solute atom depleted and enricheds were formed in the steel, resulting in a spinoda-like decomposition [20] . Bainite formed in this manner.
Mechanical properties
The YS and UTS of 2# steel were the result of the competition between grain refinement strengthening and precipitation strengthening, given that both the decrease in mean grain size and mean dispersive precipitate size generally leads to an increase in tensile strength. The mean grain size of 2# steel was larger than that of 1# steel (Figs.5 to 6); however, the mean precipitate size is smaller ( Figure  8 ), and the competition between them resulted in a slight increase of YS and UTS in the2# steel relative to 1# steel. In the case of 3# steel, the joint action of grain refinement strengthening and precipitation strengthening resulted in an increase in YS and UTS because of the smaller mean grain size and mean dispersive precipitate size (Figs.5 to 6 and 8) compared with 2# steel. As the austenitizing temperature increased, the ferrite content decreased, resulting in a decrease in the area elongation and reduction percentages (Figs. 7 and 10 ).
Conclusions
The detailed micro-structural investigation and mechanical research on Nb-Ti microalloyed steel revealed the following points.
(1) The prior austenite grain size increased from approximately 25 µm to 180 µm as the austenitizing temperature increased from 850 °C to 1250 °C for 30 min. The coarsening temperature of the prior austenite was approximately 1000 °C within the time duration of 5 min to 120 min. ( 2) The microstructures of the three rolled steel plates subjected to different austenitizing temperatures consisted mainly of quasi-polygonal ferrite, granular bainite and some pearlite. The grain size initially increased and then decreased, but the ferrite content decreased when the austenitizing temperature changed from 1020 °C, 1070 °C to 1150 °C. (3) The precipitates in the prior austenite and rolled steel were both complex Nb-Ti carbonitrides, which can be mainly be divided into two types. The rectangular ones were Ti-rich carbonitrides. The others with an irregular or circular shaped one was Nb-rich carbonitrides. (4) As the austenitizing temperature increased from 1020 °C to 1150 °C, the mean size of precipitates in prior austenite increased. However, the volume fraction decreased because of the dissolution of most precipitates. During the subsequent cooling process, most precipitates were reprecipitated as dispersive particles, with mean size decreasing from 30 nm to 10 nm. Meanwhile, the 80 nm to 100 nm rectangular Ti-rich carbonitrides were not dissolved and varied slightly. (5) YS and UTS increased, but the area elongation and reduction percentages decreased with the elevated austenitizing temperature. The elevated austenitizing temperature was beneficial to the strength of the steel samples but negatively affected their the toughness.
